In-fibre measurements of the Hugoniot have been carried out on a carbon-fibrereinforced-polymer composite. For this material, we have shown at high shock stresses, a two component wave was formed consisting of a fast moving ramped portion and a slower moving shock wave. Changing the thickness of test specimen for a given shock stress resulted in a change in the magnitude and duration of the ramped portion of the wave front. As the shock stress imparted to the target was reduced, or the thickness of the target was increased, the steep shock wave in the rear surface gauge was no longer apparent. Instead a relatively slow rising wave was measured.
INTRODUCTION
Unlike metals, ceramics and polymers, there is a paucity of data on the dynamic behaviour of carbon fibre composite materials. Most of the work to date has concentrated on relatively low velocity impact studies [e.g [1] [2] [3] [4] [5] [6] , sphere penetration studies [e.g. [7] [8] [9] [10] [11] [12] [13] [14] , dynamic tensile and compression tests using servo-hydraulic machines [15] [16] [17] and split-hopkinson pressure bar studies [18] [19] [20] [21] [22] [23] . Relatively few studies have been done examining the shock behaviour of carbon fibre-based composites and in particular, how the shock wave propagates along the fibre direction.
Understanding how shock waves propagate in these materials is key to our understanding of how these materials respond to high velocity impacts such as those from fragmenting munitions. In particular, there is a requirement to know how the shock propagates in different directions in these anisotropic materials. Understanding the shock propagation along the in-fibre direction is of particular importance for when the material is subjected to highly oblique impacts. At sufficiently high impact velocities, such a loading condition would result in a shock wave that propagated in a direction parallel to one of the fibres.
Attention has been given to examining the shock in the through-thickness direction where the direction of all of the fibres is perpendicular to the loading axis.
Dandekar et al. [24] have conducted plate impact experiments on an S2-based GFRP material in the through-thickness direction and shown that the compression curve, as measured in pressure -particle velocity space, of the GRFP lay in-between that of the material's constituent parts. Their results also indicated that there was a linear relationship between shock velocity (U s ) and particle velocity (u p ) of the form where c 0 and S are the shock parameters. A linear Hugoniot in shock velocityparticle velocity space occurs for a wide range of materials [25] including the RTM6 resin used in the manufacture of these CFRP laminates [26] . It has also been observed by other researchers studying the shock propagation in the through-thickness direction of carbon fibre composites [27] and glass fibre composites [28] . Tsai et al. [29] also studied the shock behaviour of GFRP laminates. In this work they tested the shock behaviour of different thicknesses of GFRP in the through-thickness direction. They used a multibeam VALYN™ VISAR (Velocity Interferometer System for Any Reflector) laser interferometer to measure the particle velocity at the rear surface of the targets. They noticed a distinct knee in the velocity time profile during the rise time of the particle velocity profiles in each of the four experiments. Furthermore, the slope of the velocity time profiles after this knee decreased with the thickness of the GFRP target i.e. with the distance of wave propagation. The stress level at which the slope change occurred decreased with increasing GFRP thickness. It was noted that this phenomenon was similar to the elastic-precursor decay observed in elasticviscoplastic materials and for the case of the GFRP tested was understood to be due to a result of both material and geometric dispersion of the shock wave.
Some attention has also been given to examining the response in the in-fibre direction. That is, when one of the fibre directions is orientated parallel to the loading axis. Eden et al. [31] studied the shock behaviour in a 3D quartz phenolic composite. In this work, they used a streak camera to visualise the wave propagation in the specimen. Their results also showed that there was a clear distinction between 4 the wave moving in the fibres orientated with the shock propagation direction and the wave moving in the matrix suggesting that the fibres were acting as wave guides.
Holmes and Tsou [32] investigated the shock response of a composite consisting of unidirectional aluminium fibres cast in an epoxy matrix. Again, the fibres were orientated parallel to the loading axis. They showed that the measured shock velocities were constant over a range of thicknesses indicating that the shock itself was steady. Using a streak camera, they noticed a slight waviness in the shock front with a periodicity that corresponded to the fibre spacing. Again, this suggested that the fibres themselves were acting as wave guides. Changing the volume fraction of the aluminium fibres from 25 % to 60 % resulted in their data points falling on different Hugoniots as predicted by the analysis of Tsou and Chou [33] .
Millett et al. [27] also studied the effect of orientation on a woven CFRP laminate on its shock behaviour. Using very similar materials and experimental techniques to this work, they showed that in the through-thickness orientation, the material behaved as though it was a simple polymer. When one of the fibre directions was orientated parallel to the loading axis, very different behaviour was observed. The stress pulse had a pronounced ramp, before at sufficiently high stresses, a much faster rising shock occurred above it. Millett et al. [28] also showed similar behaviour in a GFRP material. Similar behaviour was also observed by Hereil et al. [30] who studied the shock response of a 3D carbon-carbon composite. They showed that the response could be decomposed into two separate waves. The first wave is transmitted by the longitudinal fibres and the second wave corresponds to the shock travelling in the 'matrix', that is, all other constituents of the composite including fibres that ran perpendicular to the longitudinal fibres. In this work, we report experiments that have been conducted to examine the shock behaviour of an aerospace-grade woven CFRP laminate so that one of the fibre directions is aligned perpendicular to the planar shock that is generated on impact by a flyer-plate. The objective of this work was two-fold: (a) to evaluate the effect of sample thickness on the shock propagation in a woven laminate and, (b) to measure the Hugoniot along the in-fibre direction. This work is part of a wider study on the dynamic behaviour of CFRP laminates.
EXPERIMENTAL

Materials used
The materials chosen for this study were woven CFRP laminates that were 
Experimental technique
All the experiments were conducted using the 50-mm single-stage light gas gun [35] . Dural (Al 6082-T6) and copper flyer plates were accelerated to velocities of between 643 m/s and 826 m/s and were used to dynamically load prepared CFRP test specimens.
Ten carbon fibre composite panels, each with a cross-section of 60 mm × 6 mm were stacked and glued together using a two-part epoxy adhesive (Hysol® 0151).
As the shock impedances for common epoxy resins are similar to that of the RTM6 resin used in the manufacture of the laminate [26] , it was deemed that the addition of the Hysol would not affect the end result. Indeed, this approach was successfully used by Millett et al. [27, 28] . From this block, 1.5, 3.0 and 6.0 mm thick target samples were cut and lapped to ±5μm. The micrograph in Figure 1 shows a portion of the surface of a prepared target specimen, and the two directions of fibres are clearly visible. Note that in this micrograph, the loading axis is in the direction through the page.
Two types of experiments were conducted. Firstly, targets of thicknesses 1.5 mm, 3.0 mm, 6.0 mm and 9.0 mm were each impacted such that a similar shock stress occurred in each of the target specimens. Apart from the 9.0 mm specimen, the test specimens were instrumented with a single manganin pressure gauge (LM-SS-125CH-048), encapsulated between two PMMA layers. This gauge was located on the opposite face to that impacted, and thus recorded the stress history after the shock had passed through the test specimen (see Figure 2 to protect the gauge from premature failure. Calibration of the gauges was to Rosenberg et al. [36] .
In the second set of experiments, the test specimens of thickness 3.0 mm, 6.0 mm and 9.0 mm were loaded to different stress levels by varying the velocity and material of the flyer, as noted above. In these experiments, two encapsulated manganin gauges were fixed to both faces of the target specimen so that the shock velocity could be recorded. The first gauge was fixed at the interface between a cover plate (of the same material as the flyer) and the test specimen. This gauge was encapsulated between two layers of Mylar 50 µm thick, to provide electrical insulation and to give mechanical protection. The second gauge, located at the rear of the target, was fixed between a layer of PMMA c. 1.5 mm thick, and a PMMA block of c. 12 mm thick, so that the thinner PMMA layer was in contact with the test specimen. A typical target set-up is given schematically in Figure 2 (b).
Before firing, the thickness of each test specimen was carefully measured, so that the distance between the gauges was accurately known. By measuring the time of arrival of the shock at each gauge, the (assumed constant) shock velocity (U s ) could be calculated from the transit time (Δt) of the shock across the specimen taking into account the offset distance of the rear embedded gauge from the rear of the target specimen and the shock behaviour of PMMA [37] . Hugoniot data for our flyer-plate materials were taken from Marsh [38] and the velocities of the projectile were measured by using a sequential pin shorting system to an accuracy of 0.5%. Fast digital storage oscilloscopes (2 GS/s) were used to capture the arrival and shape of the shock; subsequent data reduction and analysis was done on a PC. The impedance matching technique [39] was used to derive the particle velocity behind the shock given the measurements noted above. 
RESULTS AND DISCUSSION
As noted by Millett et al. [27] , unlike isotropic single-phased materials, the shock structure as recorded by the manganin gauges along the fibre direction is examining the shock response of a 3D carbon-fibre composite material [30] . Here the low amplitude ramp was interpreted as being a high velocity wave transmitted along the fibres orientated parallel to the loading axis. Measurements from an experiment using a 3-mm thick sample, indicate a propagation velocity of 6.2 mm/µs for the onset of the ramped portion. Previous analysis by Millett et al. [27] has concluded that the arrival time of the onset of this low amplitude ramp corresponds to a transit velocity of ca. 7 mm/µs regardless of shock stress, although they noted that his data showed considerable scatter. They suggested that if this wave had been transmitted down the fibres, it would be largely elastic in nature. At a stress of approximately 1.1 GPa, there is a sharp rise to maximum stress (5), which is attributed to the arrival of the 'main shock' that is transmitted through the 'matrix' composed of the binder and the fibres not aligned parallel to the loading axis. Finally, the maximum stress is reached in the PMMA encapsulation before the arrival of the release wave (7).
The stress history shown in Figure 3 is typical of the experiments in which the impact velocity and flyer material were chosen to form a stress of 5-6 GPa in the target, and where the target specimens were of 6 mm or greater thickness. However, in those experiments where the impact stress was lower, the structure of the stress history on the back surface gauges did not resemble that of a fast rising shock as seen in Figure 3 . Furthermore, due to the presence of the cross-talk from the front gauge there was considerable uncertainty in the interpretation of the physical processes. 11
The effect of sample thickness on the shock behaviour
To investigate the physical processes further, we conducted a series of three well-resolved experiments using the test specimen set-up shown in Figure 2 (a) where there was no front gauge. In these experiments, 5-mm thick copper flyers impacted the target specimens a fixed velocity of c. 700 m/s. The thicknesses of the specimens tested were : 1.52 mm, 3.00 mm, 6.05 mm. These data were compared to data from a previous experiment on a 9.06 mm thick specimen that used the set-up shown in m/s to produce a shock stress in the target that was similar to the thinner targets tested. This particular experiment also included a front surface gauge in an attempt to evaluate the wave velocity. However due to the presence of the front gauge, that failed at an early stage of the experiment, some spurious noise was produced.
Consequently an FFT was applied to the data to remove the offending high frequency components (50-570 MHz). All other traces presented required no such filtering. A single manganin gauge encapsulated by the PMMA layers was placed on the rear face of the target to record the stress history after its passage through the test specimen.
The stress histories for all four experiments are shown together in Figure 4 . Note that the time axis has been adjusted so that all four traces are coincident, and that the stresses are recorded in the PMMA protection at the rear of the specimen, rather than directly in the target material. It can be seen that, as the target thickness increases, the ramped portion of the stress history becomes more pronounced. The durations of the ramped portion are 0.08 µs, 0.26 µs, 0.53 µs and 0.81 µs for target thicknesses of 1.52 mm, 3.00 mm, 6 .05 mm and 9.06 mm respectively. The magnitude of the ramped portion (measured from the onset of the ramp until the change to a steeper slope) also increased with target thickness, with magnitudes of 0.69 GPa, 1.00 GPa, 1.15 GPa and 1.50 GPa for the four experiments conducted. Note however, that Millett et al. [27] showed that for an impact of 936 m/s by a copper flyer on a 10 mm thick sample, the ramped portion terminated at a stress of 1.09 GPa at a time of 785 ns after onset, for an impact stress of 5.75 GPa -a higher impact stress than recorded in Figure 4 . This suggests that the magnitude and duration of the ramped phase of the stress recorded at the rear surface of the target specimen was dependent upon both the target thickness and the impact stress. This part of the wave form has previously been attributed to be the fast moving largely elastic portion in the fibres. However the increasing length and magnitude and shape of this part of the wave demands explanation. One possibility is that energy is continuously being lost from the fibres into the surrounding matrix material.
Consequently this ramped portion is initially a sharp elastic rise that is smeared with distance. Indeed, this is consistent with the decrease in the gradient that is seen with the 1.5 mm, 3.0 mm and 6.0 mm sample and to a lesser extent, with the 9.0 mm sample. However, we should point out that a certain amount of caution should be applied in interpreting this result (for the 9.0 mm sample) due to the filtering that was applied. On the other hand, the nature of ramped portion may be attributed to the complexity of the laminate design used in this experimental programme. Fibre waviness and the presence of the +/-45° fibres will both result in a variable arrival of the wave at the manganin gauge leading to a gradual increase in resistance (and therefore stress) in the gauge material. However it is difficult to reconcile this latter explanation with the observed magnitude and duration of the ramped portion.
The relatively sharp rise after the ramped portion of the stress histories (attributed to the arrival of the wave propagating through the 'matrix') is observed to terminate at a decreasing stress as the target thickness increases. This stress is indicated by the arrows in Figure 4 . Beyond this point, the stress continues to rise at a slower rate up to a maximum of 2.8 GPa. This implies that as the shock is travelling through the thickness of the material, it is being dispersed. Note too, the reduction in the gradient as the thickness of the material is increased. Tsai et al. [29] studied the structure of shock waves in S2-based polymer reinforced composites of varying thicknesses. They noted that as the thickness of the material was increased, there was a noticeable slope change in the profile of the pulse. The stress level at which the There are two possibilities behind this dispersion. Firstly, energy is being deposited into the matrix before the shock arrives. Due to the relatively low impedance of the surrounding resin, and the low transverse dimension in the rods, the state of strain in the carbon fibres will cease to be 1D at a short distance from the impact surface. As previously discussed the waves propagate along the fibres, energy is lost to the surrounding matrix prior to the arrival of the shock in that material leading to the wave dispersion observed in Figure 4 . Another possible explanation is that, wavelets emerging from the carbon fibres result in a state of complex ringing between fibre bundles in the matrix leading to a state that is unable to sustain a shock wave in the material. That is, unless the shock is of sufficient magnitude (as occurred with the high velocity shots) or the ringing is relatively small (as occurred for our thin targets). Changing the fibre spacing would, if this was the case, affect the behaviour of shock propagation.
Finally, we note that the thinner thicknesses tested reach a Hugoniot stress of 2.6 GPa in the PMMA whereas the 6.05-mm thick sample is subjected to a higher stress. Although the reason for the higher stress is not clear, it maybe due to the dispersive nature of the wave leading to a longer duration initial 'hump'. Consequently, the Hugoniot stress is not achieved due to the arrival of the release wave from the rear of the 5-mm thick Cu flyer. Note too that the 3.00-mm thick sample Hugoniot stress is slightly higher than the 1.52-mm thick sample stress. This is consistent with the slightly higher impact velocity in this case.
The in-fibre Hugoniot
As we have shown, it is possible to observe a reasonably well-defined shock in the back surface gauge if the separation between the two gauges is reduced. Using this technique, it was possible to establish a Hugoniot along the in-fibre direction. This is shown below in Figure 5 : the error bars indicate the uncertainty in our measurement of the shock arrival times at each gauge (and hence the measured shock velocity) due the presence of spurious noise occasionally picked up by the rear gauge as the front gauge failed. For most materials a linear fit can be used to describe the shock particle velocity relationship over a limited particle-velocity range according 2.27 and 2.26 mm/μs respectively over the limited particle-velocity range of interest, and for shocks along the fibre direction. This Hugoniot is similar to the RTM6 resin used to manufacture these CFRP laminates where the measured values of S and c o were 1.55 and 2.65 mm/μs respectively [26] . However, the resin has a bulk density of 1.14 g/cc as opposed to 1.51 g/cc measured for this CFRP resulting in a different 
CONCLUSIONS
A series of plate impact experiments have been conducted on a CFRP laminate where the plane of impact was perpendicular to one of the fibre directions. These results showed that at high shock stresses, a two component wave was formed consisting of a fast moving ramped portion and a slower moving shock wave.
Changing the thickness of test specimen for a given shock stress resulted in a change in the magnitude and duration of the ramped portion of the wave front. As the shock stress imparted to the target was reduced, or the thickness of the target was increased, the steep shock wave in the rear surface gauge was no longer apparent. Instead a relatively slow rising wave was measured. However, reducing the spatial separation between the front surface and backs surface gauges resulted in the shock being measured. We were able to observe shock propagation in c. 3.0 mm thick samples that were subjected to a shock stress as low as c. 3.4 GPa. Consequently, using data from Millett et al. [27] we were able to establish the in-fibre Hugoniot for this material over a limited particle-velocity range and it was given by U s =2.27+2.26u p (ρ 0 = 1.512 g/cc).
